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Abstract
English
Insular electrical grids, usually isolated from larger mainland grids, are more prone to having
stability issues. These are usually weak and have limited resources in regards to power sources,
which adds up with the fact that this type of grids usually lack access to the electricity mar-
ket. High Voltage Direct Current (HVDC) technology presents the possibility of long distance
overseas connections that alleviate the effects of these issues.
Use of HVDC technology is on the rise, its main focus being long distance transport of power. Its
efficiency and the stability it provides to grids, paired with the aforementioned need for overseas
connections and off-shore wind generation have helped it become as common as it is nowadays.
The aim of this thesis is to study the behaviour of an insular grid with the presence of HVDC
and the needed power converter for the HVDC connection. The behaviour of the system with
and without the converter’s frequency support will be analyzed.
A case based on the Majorcan 220kV grid (Balearic Islands, Spain) with an HVDC connection
representing a link with the mainland is used to analyze the behaviour of an insular grid with
and without the frequency support.
HVDC presence in the grid is represented by a converter modelled as seen in ”Active and Reactive
Power Control of Grid Connected Distributed Generation Systems” [1].
The tools used for modelling and simulating are MatLabR© 2015b and PSCAD 4.6 EDU.
MatLabR© is used for running steady state simulations of the grid’s behaviour and for initial
modelling of the VSC converter. For the first, the MATPOWER X.Y package is used. In
regards to the former, the Simulink environment is used.
PSCAD is used for dynamic analysis of the grid, with and without the power converter’s grid
frequency support.
Comparison of the MatLabR© 2015b and PSCAD 4.6 EDU simulations show that the dynamic
model behaves as it is expected from it. There are no relevant differences from the dynamic and
the static models’ results.
The study of the dynamic behaviour of the system in front of a fault shows that the HVDC
connection’s grid frequency support alleviates the negative impact that said events have on the
grid’s frequency. This is done while also reducing the amount of power that needs to be generated
with the limited local resources.
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Castellano
Las redes ele´ctricas insulares, generalmente aisladas de las redes continentales, son ma´s dadas a
tener problemas de estabilidad. E´stas suelen ser de´biles y cuentan con recursos limitados en lo
que se refiere a fuentes de energ´ıa, lo que se suma al hecho de que e´stas redes suelen carecer de
acceso al mercado energe´tico. La tecnolog´ıa de corriente continua de alto voltaje (HVDC por
sus siglas en ingle´s) introduce la posibilidad de conexiones de larga distancia a trave´s de masas
de agua que atenuan los efectos de e´stos inconvenientes.
El uso de es cada d´ıa ma´s comu´n, siendo su principal funcio´n el transporte de energ´ıa a trave´s de
largas distancias. Su eficiencia, junto con la estabilidad que ofrece a las redes y la ya mencionada
necesidad de conexiones capaces de atravesar grandes masas de agua han permitido que su uso
sea tan extendido en la actualidad.
El objetivo de esta tesis es estudiar el comportamiento de una red insular con presencia de
Corriente Continua de Alto Voltage . Se tiene en cuenta al modelar y simular la presencia y el
comportamiento del convertidor de control de fuente de voltaje que permite la conexio´n entre
corriente alterna y corriente continua.
Un caso basado en la red ele´ctrica mallorquina de 220kV (Mallorca, Islas Baleares, Espan˜a)
con una conexio´n HVDC representando el enlace con el continente es usado para analizar el
comportamiento de la red con y sin apoyo de frecuencia.
La presencia de HVDC en la red se muestra mediante un convertidor VSC modelado tal y
como se ve en ”Active and Reactive Power Control of Grid Connected Distributed Generation
Systems” [1].
Las herramientas usadas para simular son MatLabR© 2015b y PSCAD 4.6 EDU.
MatLabR© se usa para las simulaciones de estado estacionario de flujos de potencia. Tambie´n se
usa para un ana´lisis inicial del comportamiento del PLL y el CLC del convertidor VSC. Para el
primero se usa MATPOWER, mientras que para los bucles del convertidor se usa SimuLink.
PSCAD se usa para el ana´lisis dina´mico de la red, con y sin el convertidor y la correspondiente
conexio´n HVDC.
Si se comparan las simulaciones hechas en MatLabR© 2015b y PSCAD 4.6 EDU se puede apreciar
que el modelo dina´mico se comporta como se espera de e´l. No hay diferencias relevantes en lo
que se refiere a los resultados de los ana´lisis de los modelos dina´mico y esta´tico.
El estudio del comportamiento dina´mico del sistema ante una falla muestra que el apoyo de
frecuencia que provee la conexio´n HVDC reduce el impacto negativo que tienen tales eventos en
la frecuencia de la red. Esto se consigue a la vez que se reduce la cantidad de potencia que ha
de ser generada con los recursos limitados de un sistema insular.
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Chapter 1
Introduction
1.1 Insular grids
1.1.1 Definition of an insular grid
An islanded or isolated grid corresponds to an electrical power system located in geographical
locations that are physically isolated; the most common examples are islands, like Cyprus or
Majorca. An insular grid is the particular case of an isolated grid located in an island.
Generally, insular grids are comprised by few traditional fuel-based generation installations.
The Spanish islands Majorca and Tenerife are good examples of this situation. Majorca, home
to nearly 870000 people in the Mediterranean, has four main generating installations with a
total rated power of 1527 MW [2]. Tenerife, where nearly 890000 people live to the west of
the moroccan coast, counts with an installed rated power of 944 MW distributed among five
different generators (in addition to nearly 60MW of Photo-voltaic generation [3].
As a result, insular power systems present a significantly low inertia when compared to the con-
tinental grid. This makes them unreliable especially when taking into account possible outages
or fuel shortages.
1.1.2 The fuel dependency issue
The dependence on fuel imports is also a noticeable issue with insular grids. Isolated and
with limited resources, an island’s electricity production is usually heavily dependent on foreign
gasoline, oil or liquefied petrol gas.
Such resources are generally transported by tankers; as a result transportation costs make elec-
tricity production more expensive. This transport also means that the environmental effects of
fossil fuel based generation are aggravated [4].
To add up, losses tend to be higher in insular areas due to the aged, low quality systems, thus
promoting increases of fuel utilization and the unit cost of electricity [4].
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1.1.3 Reliability of insular grids
Another problematic present in insular grids is their fragility in comparison to mainland grids.
A specially relevant factor is their lower inertia; this is because there are less generating facilities
connected to the system and an insufficient (sometimes completely lacking) interconnection with
the main grid [4].
Generally, insular grids present a certain lack of meshing, sometimes going as far as being single-
line based. This translates into faults being even more serious, since losing certain connections
may cut all power supply to certain areas.
As a result, insular grids are more sensitive to frequency and voltage deviations, thus affecting
power quality. This vulnerability reduces system reliability and security.
A clear indicator of a grids unreliability can be the energy that has not been supplied, and the
Spanish situation exemplifies this perfectly; in 2017 more than an 87% of the energy not supplied
in Spain concerned the Canary Islands [5].
1.1.4 Renewable energy sources integration
A natural response to fuel dependency is the implementation of renewable energy sources such
as solar or wind power [6]. This would also imply a reduction in CO2 emissions.
But these energy sources present an intermittence and unreliability that in turn affects the grid
frequency negatively; this is of particular importance in small, fragile systems like insular grids.
As a result, network security and their interruptible nature are limiting the implementation of
renewable energy sources in insular grids [4]. This is currently slowing down their introduction
as a reliable solution to the fuel imports dependency issue.
1.2 The role of HVDC
Until AC/DC power converters arrived, it was not commercially viable to use long-distance DC
lines to transport energy. Now, with AC already settled, High Voltage Direct Current (HVDC)
connections present themselves as an important alternative for bulk transport of electricity
through long distances, especially overseas.
1.2.1 Advantages of HVDC connections
The main advantages of HVDC transmission, exemplified with installations that will be further
explained in section 1.2.3, are as follows:
1. HVDC allows for more reliable and cheaper asynchronous connections. The Garabi 2000
MW Interconnection HVDC transmission allows the connection of grids working at com-
pletely different frequencies, as is the case with the Argentinean (50 Hz) and Brazilian (60
Hz) grids [7–9].
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2. HVDC improves grid security and stability. The Quebec-New England HVDC transmis-
sion was unaffected by the 2003 power outage that propagated through the Lower Lakes,
Ontario and New York (United States). This meant that even if the New York-New Eng-
land AC interconnection tripped, the HVDC transmission from Quebec was still able to
deliver power to New England [8,9].
3. HVDC allows for longer underwater connections. With extremely high shunt capacitance
insulated cables, the limit for AC connections underwater is around 100 km; beyond that
distance, HVDC is the only technically viable option [8,10].
This advantages are in addition to the fact that when traversing long distances High Voltage
Direct Current transmission suffers less losses than High Voltage Alternate Current transmission.
This is because AC generates reactive power, increasing with distance. Since losses on DC
transmission are caused mostly by the converters than the cable itself, for long distances HVDC
is preferable [9, 11].
1.2.2 DC technology through the years
Early years
The first commercial central power station appeared in 1879, offering arc-light service to sub-
scribers. Edison’s first short range DC systems appear in 1882, with Ganz & Co. and West-
inghouse Electric Co. competing offering AC transmissions in Europe and the United States
respectively [12,13].
Edison’s DC systems, with its first practical demonstration of incandescent electric lights in
1879 [13], were overshadowed by the capabilities of AC. With a 40 km connection from Turin to
the remote Lanzo, the Gaulard-Gibbs AC Distribution System showed how AC was capable of
providing electricity to sparsely populated areas, something not possible profitably with Edison’s
short range DC transmission technique [12].
Appearance and dominance of polyphase systems
Commercial viability of AC arrived with the ZDB (introduced by Ganz & Co. in 1885 and
named ZDB because of Ka`roly Zipernowsky, Miksa De´ri and Otto´ Titusz Bla´thy.). Westinghouse
Electric Co., born in 1886, is the one that brings AC to the United States. AC systems quickly
grew in the market; in 1887 there were 20 Westinghouse installations in the United States versus
the 103 DC systems of Edison and three years later, in 1890, there were 323 Westinghouse AC
systems and 202 DC [12].
Even though AC transmission suffers more losses than DC transmission [11], the lack of con-
verters to be able to tone down the voltage of the latter made High Voltage Direct Current
transmissions impractical. Being AC the only practical option for long-distance transmission,
polyphase systems shine once longer distances need to be covered and efficiency comes into
play; three-phase transmission losses are about 20% less than those of monophase AC transmis-
sion [12].
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Oskar von Miller showed the capabilities of the three-phase transmission system in 1891. Based
on a modification of Tesla’s two-phase system, it became a commercial success and was quickly
implemented around the world. In 1923 transmission voltages reached 220kV, preceded by
several scientific breakthroughs and a steady and continuous rise of said voltages [12].
DC central stations were still used in densely populated areas; the turning point was the imple-
mentation of regional power grids. Entering 1922, most DC central stations were converting to
AC [12].
Appearance of HVDC
AC generation and distribution are still the norm nowadays, but AC long-distance transmission
is challenged by High Voltage Direct Current (HVDC) transmission. This was possible thanks
to the introduction of high voltage AC −DC converters. The General Electric Co. developed
the first HVDC system in 1936 [12].
1.2.3 High Voltage Direct Current transmission nowadays
The first commercial transmission began in 1954; a 98 km cable at ±100 kV in Sweden with a
20 MW capacity [12]. Nowadays there are several HVDC connections around the world. These
are some important examples that show how the advantages explained in section 1.2.1 are taken
advantage of nowadays.
1. The Garabi 2000 MW Interconnection: between Garabi (Brazil) and Yacyreta´ (Argentina),
a 500 kV transmission line of nearly 500 km in length connects the 500 kv networks.
Using back-to-back HVDC frequency converters installed in Garabi, the connection links
two weak points of the Argentinean 50 Hz grid and the Brazilian 60 Hz [7]. Beginning
commercial operation in 1999 and 2002, the project is divided in two 1100 MW separate
phases [14].
2. The Quebec–New England Transmission: it is one of the two remaining multi-terminal
HVDC systems in the world. The transmission first went into service back in 1986, with a
690 MW capacity and a ±450 kV operating voltage. Nowadays it counts with five different
connections, the most notable among them being the Radisson-Nicolet one with a 2000
MW capacity [15,16].
3. Project Ro´mulo: connecting Sagunto (Valencia, Spain) and Majorca (Balearic Islands,
Spain) and supplying power while improving reliability, quality and stability of the latter
[17], it is an underwater 237 km connection submerged at a maximum depth of 1485 m
with a 400 MW capacity (2x200 MW) that started operating in 2012 [17].
1.3 Objectives and scope
The main objective of the thesis is to study the behaviour of an insular grid with High Voltage
Direct Current (HVDC) presence.
The simulation and analysis process has been divided into four different parts:
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1. A steady-state simulation of the grid, studying its power flow and analyzing voltage and
phase, done with MatLabR© 2015b (MATPOWER [18]).
2. A dynamic simulation of the grid without droop control on the converter, studying settling
time for the same case simulated in MatLabR© and its reaction to a fault, done with PSCAD
4.6.
3. A dynamic simulation of the grid with droop control on the converter, studying settling
time for the same case simulated in MatLabR© and its reaction to a fault, done with PSCAD
4.6.
4. A comparison of the system’s steady state behaviour, using the MatLabR© steady-state
simulation and the PSCAD dynamic simulation once steady-state has been reached.
5. A comparison of the system’s behaviour when the fault occurs, using both dynamic simu-
lations.
Ignacio Glenny Crende
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Chapter 2
Steady State Analysis: Modelling
In this chapter the models used for the steady-state analysis via MatLab R©and the methodology
the resolution is based on are explained. The purpose of the steady state simulation is to do a
power flow analysis of the grid.
2.1 Per Unit (p.u.) system
The Per Unit (p.u.) system is used for simplifying calculations and readings related to electrical
power systems. The main advantages of the p.u. system are as follows:
• Values of the same variable (voltage, current...) are similar. This simplifies the comparison
of systems that differ in size.
• Calculations are simpler. Some systems require you to take into account different voltage
levels (i.e. working with a transformer). By using different p.u. base values, bringing the
different voltage values to a similar scale, the calculations are simplified significantly.
• Three-phase calculations are simplified. Some expressions used in most three-phase calcu-
lations disappear when working in p.u., simplifying both calculations and expressions.
The corresponding values in p.u. are obtained by dividing the actual value in the standard abc
reference by a predefined base value. The different base values SB, VB, IB and ZB (for apparent
power, tension, current and impedance) are related via the following equations:
SB =
√
3VBIB (2.1)
VB =
√
3ZBIB (2.2)
IB =
SB√
3VB
(2.3)
ZB =
VB√
3IB
=
V 2B
SB
(2.4)
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Once the base values are defined, calculating the p.u. equivalent s, v, i and z of the standard
values S, V , I and Z is done by calculating the quotient of the standard value divided by the
base value.
s =
S
SB
(2.5)
v =
V
VB
(2.6)
i =
I
IB
(2.7)
z =
Z
ZB
(2.8)
MATPOWER [18], the MatLabR© program used for the steady state analysis of the grid, uses
p.u. for its calculations. Base power SB and base voltage VB values are input by the user. As
seen in equations 2.1-2.4, all base values are already defined when two are.
2.2 Transmission lines
Lines are implemented following an RL model. A characteristic impedance per unit of length z0
[Ω/km] is defined as seen in equation 2.9, where f is the grid frequency [rad/sec].
By multiplying this value per each defined length as in equation 2.10, different line impedances
are calculated. These lengths are defined as lXx−y [km], where X and x refer to the buses the
line connects and y, optional, denotes different lines that connect a same pair of buses.
z0 = 0.144 + j · 1.35 · 10−3 · f (2.9)
ZXx−y = lXx−y · z0 (2.10)
Figure 2.1: Visual representation of two buses connected by two separate transmission
lines and its equivalent.
Aiming to simplify the model by reducing the number of transmission lines, when two parallel
transmission lines are operating between the same nodes as seen in figure 2.1 the equivalent
impedance ZXxT is calculated as seen in equation 2.11.
ZXxT =
ZXx−1 · ZXx−2
ZXx−1 + ZXx−2
(2.11)
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2.3 Loads
Loads for the steady state simulation are modelled as a specified constant quantity of complex
power consumed at a bus [19]. The loads considered in this thesis are all of a purely resistive
nature.
2.4 Generation
Generation for the initial steady state simulation is modelled as a complex power injection at a
specific bus [19].
The simplicity of this model allows for the implementation of Photo-voltaic (PV) generation,
which has been disregarded during the dynamic analysis.
Combined Cycle Gas Turbine (CCGT) and classical thermal power generation, implemented in
both steady state and dynamic studies, represent the main power sources of the grid.
2.5 Resolution process
2.5.1 Type of buses
Depending on their function and what values are fix, three different types of buses are used [19]:
• Slack buses serve the role of voltage phase reference and real power slack. Only one slack
bus must be defined.
• PV buses are the remaining buses with classical generation. In these, the voltage mag-
nitude and the real power injection applied by the generator are fixed.
• PQ buses are all non-generating buses. In these, both real and reactive power consumption
are fix and specified.
2.5.2 Resolution method
The basis of the resolution method is set with equation 2.12.
[Y ][V ] = [J ] (2.12)
Where matrix [Y ] is the admittance matrix [1/Ω], [V ] is the voltages matrix [V ] and [J ] is the
currents matrix [A].
Each diagonal k -th term of the admittance matrix [Y ] is defined as the sum of all admittances
connected to k bus.
Each term in a given (j, k) position is defined as the sum of all admittances, changing their sign,
between both buses k and j.
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Given a general situation with n buses, the [Y ] matrix would be defined as follows:
[Y ] =

Y1 −Y12 ... −Y1k ... −Y1(n−1) −Y1n
−Y21 Y2 ... −Y2k ... −Y2(n−1) −Y2n
... ... ... ... ...
−Yk1 −Yk2 ... Yk ... −Yk(n−1) −Ykn
... ... ... ... ...
−Y(n−1)1 −Y(n−1)2 ... −Y(n−1)k ... Y(n−1) −Y(n−1)n
−Yn1 −Yn2 ... −Ynk ... −Yn(n−1) Yn

(2.13)
The [Y ] matrix is symmetrical. This translates into the non-diagonal terms being equal as in
−Y12 = −Y21. The final expression of the [Y ] matrix would be
[Y ] =

Y1 −Y12 ... −Y1k ... −Y1(n−1) −Y1n
−Y12 Y2 ... −Y2k ... −Y2(n−1) −Y2n
... ... ... ... ...
−Y1k −Y2k ... Yk ... −Yk(n−1) −Ykn
... ... ... ... ...
−Y1(n−1) −Y2(n−1) ... −Yk(n−1) ... Y(n−1) −Y(n−1)n
−Y1n −Y2n ... −Ykn ... −Y(n−1)n Yn

(2.14)
Since transmission lines in this thesis are modelled following an impedance-based RL model,
the equivalent admittance YXx of each impedance ZXx must be calculated (see equation 2.15)
in order to solve the system.
YXx =
1
ZXx
(2.15)
Each term of the potential vector [V ] is the voltage assigned to each bus in volts [V ]. Given a
general situation with n buses, the [V ] vector would be defined as follows:
[V ] =

V1
V2
...
Vn−1
Vn
 (2.16)
Each term of the currents vector [J ] equals the algebraic sum of the ideal current sources entering
a given k bus in [A]. Values are considered positive when the current is entering the given bus
k and negative when they come out of the bus.
Considering a system with n buses, the [J ] vector would be defined as follows:
[J ] =

J1
J2
...
Jn−1
Jn
 (2.17)
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The value of these ideal current sources is determined by the voltage of the bus and the load
and generation applied to it.
For a given bus k with a line-to-line voltage Vk [V ], an apparent three-phase power generation
Skgen and an apparent three-phase power consumption Skcon [V A], the total value of the current
Jk [A] that enters or comes out of the bus is calculated as seen in equation 2.18 below.
Jk = Jkgen + Jkcon
=
Skgen/3
Vk/
√
3
+
−Skcon/3
Vk/
√
3
=
Skgen
Vk
√
3
+
−Skcon
Vk
√
3
(2.18)
Jkgen and Jkcon represent the equivalent ideal current sources for Skgen and Skcon respectively.
2.5.3 Loss calculation
Once the aforementioned system has been resolved, it is possible to calculate the current that
goes through each transmission line and the losses due to Joule heating (also known as ohmic
heating or resistive heating).
As stated by Joule’s first law, the power of heating Ploss [W ] generated by a conductor is
calculated as seen in equation 2.19 below.
Ploss = I
2
Xx ·RXx (2.19)
Where IXx is the absolute value (or modulus) of the current that goes from bus X to bus x and
RXx is the real part of the complex value of the impedance ZXx that connects the aforementioned
X and x buses.
The current IXx between buses X and x is calculated once the potential of the buses has been
obtained, and follows equation 2.20.
IXx =
VX − Vx
ZXx
(2.20)
Ignacio Glenny Crende
12 Modelling and Simulation of an Insular Grid with the presence of HVDC
Ignacio Glenny Crende
Modelling and Simulation of an Insular Grid with the presence of HVDC 13
Chapter 3
Steady State Analysis: Case,
simulation and results
3.1 Case
The modelling and simulations are done with a grid model based on the Majorcan grid. Ten
different buses are defined based on the ones seen in Red Ele´ctrica de Espan˜a’s Majorcan grid
map [2].
Using Red Ele´ctrica de Espan˜a’s grid maps [2] and Google Maps’ Measure Distance tool, the
different components that shape the grid are defined. A schematic representation of the modelled
grid studied in this case can be seen in figure 3.1.
3.1.1 Lines
An approximate trace of the transmission lines seen in Red Ele´ctrica de Espan˜a’s grid maps [2]
was done in Google Maps using its Measure Distance tool. These lengths are defined as lXx−y
[km], where X and x refer to the buses the line connects and y, optional, denotes different lines
that connect a same pair of buses. By applying equation 2.10, seen in 2.2, the value of the
characteristic impedance of each line is obtained. The resulting lengths and impedances can be
seen in tables 3.1 and 3.2.
As mentioned in 2.2, some buses are connected with two transmission lines. These can be
simplified into one by calculating the equivalent impedance following equation 2.11. The affected
lines and their corresponding values can be seen in table 3.3.
3.1.2 Loads
Most loads are initially defined as a function of the population. For this purpose, the total
Majorcan population (868692 inhabitants) [20] is divided in 3 main groups:
1. The Majorcan capital, where roughly half of the island’s population resides (406492 inhab-
itants) [20,21].
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Figure 3.1: Schematic representation of the grid, representing the different buses, loads,
power sources, transmission lines and line impedances.
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Table 3.1: Length of each transmission line as defined in the model.
Line Length (km)
l12 1.034
l23 5.17
l34−1 15.16
l34−2 15.16
l45 38.62
l46 6.29
l65 29.8
l67−1 10.14
l67−2 10.14
l58−1 12.81
l58−2 12.13
l59−1 20.11
l59−2 16.84
l910−1 2.8
l910−2 2.8
Table 3.2: Characteristic impedance of each transmission line as defined in the model. [Ω]
Impedance Characteristic Impedance Value [Ω]
Z12 0.1489 + j · 0.4385
Z23 0.7445 + j · 2.1927
Z34−1 2.1830 + j · 6.4296
Z34−2 2.1830 + j · 6.4296
Z45 5.5613 + j · 16.3793
Z46 0.9058 + j · 2.6677
Z65 4.2912 + j · 12.6386
Z67−1 1.4602 + j · 4.3005
Z67−2 1.4602 + j · 4.3005
Z58−1 1.8446 + j · 5.4329
Z58−2 1.7467 + j · 5.1445
Z59−1 2.8958 + j · 8.5290
Z59−2 2.4250 + j · 7.1421
Z910−1 0.40332 + j · 1.1875
Z910−2 0.40332 + j · 1.1875
Table 3.3: Equivalent characteristic impedance of each affected transmission line. [Ω]
Line Impedance Equivalent Impedance Value [Ω]
Z34T 1.0915 + j · 3.2148
Z58T 0.7301 + j · 2.1503
Z59T 0.8972 + j · 2.6424
Z67T 1.3198 + j · 3.8871
Z910T 0.2016 + j · 0.5938
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2. Other highly populated municipalities, like Inca or Manacor among others. These are used
for distributing the population of the rural area of the island in a more heterogeneous
way [21].
3. The rest of the population has been divided among the total number of buses minus one
and then applied to those. This is because the first bus is not considered as populated
because it represents the connection with Ibiza and the HVDC connection with Sagunto.
February 5th’s peak demand [22] was used in order to define the analyzed working points of the
grid, with the load being calculated following equation 3.1.
Pconsbus =
Ptotal
Pobtot
· Pobbus (3.1)
The load of the bus that presents both the HVDC connection with the Iberian Peninsula and
the AC connection with Ibiza is calculated differently. In the MatLabR© steady state simulation,
the values used are as seen on February 5th’s peak demand [22].
Table 3.4 shows the population Pobbus and peak load Ldpk [MW ] both total and for each bus.
The percentage of the total load %Ld that belongs to each defined bus is also included.
Table 3.4: Name, bus index, population, percentage of the total load of the grid and for
each defined bus. The last instance is the island’s total.
Name Bus index Pobbus %Ld Ldpk[MW ]
Link Santa Ponc¸a ESP1 0 1.09 7.6
Santa Ponc¸a STPON2 21129 2.41 17.1
Valldurgent VURG3 179992 20.49 144.9
Son Reus SONREUS4 129629 14.76 104.3
Llub´ı LLUBI5 36429 4.15 29.3
Sant Orland´ıs SORLAND6 215077 24.49 173.1
Cas Tresorer CASTRES7 129629 14.76 104.4
Es Bessons BESSONS8 78693 8.96 63.4
Es Murterar ESMURTERAR9 21129 2.41 17.1
Sant Mart´ı STMARTI10 56985 6.48 45.8
Majorca - 868692 100 707
Reactive power consumption has been considered null, meaning that the different loads have a
power factor cos(ϕ) = 1.
3.1.3 Generation
In order to define the generation of the different buses, demand as seen on February 5th’s
peak [22] was used. The % of energy produced from each source (Photo-voltaic, Combined
Cycle Gas Turbine, classical thermal and fed through the HVDC link) can be obtained from Red
Ele´ctrica de Espan˜a’s real-time demand tracking service [22].
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In [2] four different CCGT and classical thermal sources are mentioned; a classical thermal and
a CCGT at the bus SONREUS4 of a rated power of 135MW and 429MW each, a CCGT of
a rated power of 429MW at CASTRES7 and a 534MW classical thermal station at the bus
ESESMURTERAR9.
Table 3.5 shows the power mix for the peak and how the generation is distributed among the
different buses. Also, in table 3.6 the total generation assigned to each bus and the percentage
of the total it represents are shown.
Table 3.5: Different energy sources used at each generating bus for peak consumption. The
last instance is the island’s total.
Bus index PV [MW ] Thermal [MW ] CCGT [MW ] HVDC Link
ESP1 0 0 0 231.8
SONREUS4 0 81.3 67.5 0
LLUBI5 7.6 0 0 0
CASTRES7 0 0 67.5 0
BESSONS8 7.6 0 0 0
ESESMURTERAR9 0 243.7 0 0
- 15.2 325 135 231.8
Table 3.6: Total generation of each bus when supplying for the peak load and % of total
generation in the grid for each bus. The last instance is the island’s total.
Bus index Total [MW] % of Total Generation
ESP1 231.8 32.78
SONREUS4 148.8 21.04
LLUBI5 7.6 1.06
CASTRES7 67.5 9.55
BESSONS8 7.6 1.06
ESESMURTERAR9 243.7 34.46
- 707 100
3.2 Simulation and results
Using MATPOWER [18] via MatLab, steady state simulations can be done fast, allowing us to
quickly analyze the system’s response in regards to losses, where does the power flow from and
to and which are the parts of the grid subject to higher voltage deviations.
Buses with CCGT and traditional thermal generation are all defined as PV buses (fixed real
power injection and voltage magnitude) except for ESESMURTERAR9 that functions as real
power slack and voltage phase reference. Bus ESP1, representing the HVDC link, has been
defined as a PQ bus.
Since ESESMURTERAR9 serves the real power slack purpose, its simulated power generation
does not match the one calculated for it in subsection 3.1.3. The difference between the simulated
generation and the theoretical one is the power lost in transmission due to Joule heating, which
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was not considered when defining generation and loads. Buses without generation are all defined
as PQ buses (fixed real and reactive power consumption).
Table 3.7: Voltage V of each bus in p.u., the difference between a bus and the slack’s phase
∆ϕ in degrees, active power generation Pg [MW ], reactive power generation Qg [MVAR].
Bus index V [p.u.] ∆ϕ [deg] Pg [MW ] Qg[MVAR]
ESP1 1.005 -0.780 231.80 -3.70
STPON2 1.004 -0.895 - -
VURG3 1.001 -1.426 - -
SONREUS4 1.000 -1.658 148.80 -3.32
LLUBI5 0.998 -0.907 7.60 0.00
SORLAND6 0.998 -2.117 - -
CASTRES7 1.000 -2.252 67.50 46.66
BESSONS8 0.997 -1.082 7.60 0.00
ESMURTERAR9 1.000 +0.000 246.64 -38.15
STMARTI10 1.000 -0.032 - -
In table 3.7 the results of the steady state simulation are shown. Voltages, represented in
p.u., match the nominal value of 220kV at the generating buses SONREUS4, CASTRES7 and
ESMURTERAR9, the latter’s phase being null because it functions as voltage reference.
Disregarding the PV generation in buses LLUBI5 and BESSONS8, where reactive power gen-
eration/consumption has been forced to zero, all power sources show reactive power exchanges.
These cover the reactive power needed because of the inductive behaviour of the RL transmission
line model and the reactive power used to control the voltage at buses SONREUS4, CASTRES7
and ESMURTERAR9.
Power factors for buses ESP1, SONREUS4, CASTRES7 and ESMURTERAR9 are calculated
as cos(ϕ) = Pg/
√
P 2g +Q
2
g.
In general, power factors are higher than cos(ϕ) = 0.98. The only generating bus that stands
out is CASTRES7 with a power factor cos(ϕ) = 0.8226(i). It is also the only inductive power
factor among the different power supply buses.
In figure 3.2, a schematic representation of the system’s power flow for the defined case can be
appreciated.
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Figure 3.2: Power flow diagram of the peak demand case representing the values obtained
via the MatLabR© steady-state simulation.
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Chapter 4
Dynamic Analysis: Modelling
In this chapter the models that form the different components of the grid are explained. All the
implemented control methods are also detailed.
The transmission line model is not explained because it is the same as the one implemented in
the steady state simulation seen in 2.2.
4.1 Voltage Source Converter
As explained in 1.2, power converters are needed when working with High Voltage Direct Current
transmissions. The Sagunto-Majorca HVDC link is represented in the modelled grid as the
power converter station on the island’s end. A two-level Voltage Source Converter (VSC) is
implemented using an average model implementing the Phase Locked Loop (PLL) and the
Current Loop Control (CLC) described in ”Active and Reactive Power Control of Grid Connected
Distributed Generation Systems” [1].
4.1.1 The Park transformation
When working on the abc frame, some magnitudes present an oscillating nature that complicates
the implementation of control systems like the Phase Locked Loop (PLL) or the Current Loop
Control (CLC) used in the VSC.
By using the Park transformation and working on the so-called synchronous reference frame it
is possible to read this oscillating values as constant quantities [1, 23].
The Park transformation can be defined as the combination of a geometrical transformation that
changes the vectors from the standard abc reference frame to an ortogonal αβ0 reference frame
(Clarke transformation) and a rotation (θ). This can be appreciated in Figure 4.1.
When a balanced three-phase voltage system is considered, the v0 component of both the αβ0
and the qd0 reference frames is null.
The Park transformation is given by equation 4.1 below.
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Figure 4.1: qd plane representation [1].
[xqd0] = [Tqd0][xabc] (4.1)
Where xqd0 represents the different magnitudes expressed in the qd0 reference frame and xabc
the same magnitude in the abc frame. The transformation matrix Tqd0 = T (θ) and the inverted
matrix T−1qd0 = T
−1(θ) are defined as follows.
T (θ) = k
cos(θ) cos(θ − 2pi3 ) cos(θ + 2pi3 )sin(θ) sin(θ − 2pi3 ) sin(θ + 2pi3 )
1
2
1
2
1
2
 (4.2)
T−1(θ) = k
 cos(θ) sin(θ) 1cos(θ − 2pi3 ) sin(θ − 2pi3 ) 1
cos(θ + 2pi3 ) sin(θ +
2pi
3 ) 1
 (4.3)
By defining θ as the electrical angle, constant steady state quantities are obtained instead from
what once were the oscillating values of voltage and current [1].
Once the studied variables have undergone the needed control procedures, they are reconverted
to the abc reference frame by means of equation 4.4.
[xabc] = [Tqd0]
−1[xqd0] (4.4)
If k = 2/3, for balanced sinusoidal conditions, the steady state value of current iq equals the
peak value of ia [23]. This is why for the rest of this thesis k = 2/3 will be assumed.
This can be checked by looking at the expression of iq and id as a function of the currents in the
abc frame, the angle θ and k in equations 4.5 and 4.6 below. This will be demonstrated with iq,
but it can be applied to id too [23]. Given that equations for the individual values of iq and id
are being defined, it has been deemed convenient to describe i0 too, even if it remains unaffected
by the constant’s value.
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iq = k[iacos(θ) + ibcos(θ − 2pi
3
) + iccos(θ +
2pi
3
)] (4.5)
id = k[iasin(θ) + ibsin(θ − 2pi
3
) + icsin(θ +
2pi
3
)] (4.6)
i0 =
1
3
(ia + ib + ic) (4.7)
Equations 4.8-4.10 for ia, ib and ic in balanced conditions have to be substituted into equation
4.5. Doing this results in equation 4.11.
ia = Imcos(ωst) (4.8)
ib = Imcos(ωst− 2pi
3
) (4.9)
ic = Imcos(ωst+
2pi
3
) (4.10)
iq = k[Imcos(ωst)cos(θ) + Imcos(ωst− 2pi
3
)cos(θ − 2pi
3
) + Imcos(ωst+
2pi
3
)cos(θ +
2pi
3
)]
= k
3
2
Imcos(ωst− θ)
(4.11)
By substituting kd = 2/3 in equation 4.11, equation 4.12 results, where iq euqals the peak value
Im of ia, ib and ic in the abc frame when the phase θ equals ωst.
iq =
2
3
3
2
Imcos(ωst− θ)
= Imcos(ωst− θ)
(4.12)
4.1.2 Voltage equations
Figure 4.2: Equivalent model of the AC side of a Voltage Source Converter [1].
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Using the equivalent model of the AC side of a Voltage Source Converter illustrated in figure
4.2, voltage equations can be defined as follows [1]:
In equation 4.13, vaz, vbz and vcz are the three-phase instantaneous voltages of the grid, val,
vbl and vcl are the three-phase instantaneous voltages of the converter and ia, ib and ic are the
three-phase instantaneous currents. The voltage difference between the converter and the grid’s
neutral is v0l − v0z. All values are in the abc frame.vazvbz
vcz
−
valvbl
vcl
− (v0l − v0z)
11
1
 =
rl 0 00 rl 0
0 0 rl
iaib
ic
+
ll 0 00 ll 0
0 0 ll
 d
dt
iaib
ic
 (4.13)
If no neutral conductor is present, equation 4.14 is true. When it is applied to three-wired
balanced systems it results in equation 4.15.
vc0 − vz0 = 1
3
[
1 1 1
] · (vabcz − vabcl ) (4.14)
vc0 − vz0 = 0 (4.15)
If the Park transformation is applied taking into account that i0 ≡ 0, voltage equations result
as seen in equation 4.16 below.
[
vzq
vzd
]
−
[
vlq
vlq
]
=
[
rl −llωe
llωe rl
] [
iq
id
]
+
[
ll 0
0 ll
]
d
dt
[
iq
id
]
(4.16)
4.1.3 Current Loop Control
By assuming vzd = 0 in equation 4.16, voltage equations result as seen in equation 4.17 below.[
vzq
0
]
−
[
vlq
vlq
]
=
[
rl llωe
−llωe rl
] [
iq
id
]
+
[
ll 0
0 ll
]
d
dt
[
iq
id
]
(4.17)
A coupling between the q and d components of both voltages and current can be appreciated.
The purpose of the Current Loop Control (CLC) is to control that the current reaches the target
value. Additionally, iq and id are decoupled in order to avoid that altering one’s value affects
the other.
For decoupling the q and d components, equation 4.18 is used, where vˆlq and vˆld represent the
outputs of the current controllers and vlq and vld the voltages to be applied by the converter.
[
vlq
vld
]
=
[−vˆlq + vzq − llωeild
−vˆld + llωeilq
]
(4.18)
Substituting these in the voltage equations 4.17 results in equations 4.19 below.
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[
vˆlq
vˆld
]
=
[
rl 0
0 rl
] [
iq
id
]
+
[
ll 0
0 ll
]
d
dt
[
iq
id
]
(4.19)
Which, after applying the Laplace transformation, define the transfer function between the
controller voltages and converter currents as seen in equations 4.20 and 4.21 that follow.
vˆlq
iq(s)
=
1
lls+ rl
(4.20)
vˆld
id(s)
=
1
lls+ rl
(4.21)
By using Internal Model Control, the controller is designed in [1] resulting as follows:
Gciq(s) = Gcid(s) =
Kps+Ki
s
(4.22)
Constants Kp and Ki in equation 4.22 can be calculated as seen in equations 4.23 and 4.24, where
τ is the closed loop time constant of the electrical system, chosen considering the converter’s
physical restrictions.
Kp =
ll
τ
(4.23)
Ki =
rl
τ
(4.24)
The full implementation of the CLC is illustrated in figure 4.3.
Considering a base case limited to three seconds where the converter injects iq = 100[A] at the
one second mark and id = 100[A] at the two-second mark, the evolution of the currents’ value
varies depending on the presence or lack thereof the CLC.
The system’s response when the decoupling is not implemented in the CLC can be appreciated
in figure 4.4. The effect of one current’s variation can be appreciated on the other at both
instants in which either of them is injected.
If the same case is studied with the decoupling being implemented in the CLC, injection of iq
does not affect id and vice-versa. This can be appreciated in figure 4.5.
4.1.4 Phase Locked Loop
This Vd control method is a Phase Locked Loop (PLL) control method based on the one seen
at [1, 24]
The PLL allows a synchronous relation between the converter and the grid by evening the
frequencies, bringing the former’s to the value of the latter. With it, the phase of the electrical
grid is tracked and used in the Park transformation, since the qd0 reference frame used rotates
to adjust to the grid angle.
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Figure 4.3: Block diagram of the Current Loop Control.
When the converter’s phase matches that of the grid, the value of Vd in the qd0 reference frame
is zero. The phase locked loop controls the Vd voltage in order to bring it to this target value
and, by doing so, matches the converter’s phase with the grid’s.
In order to analyze the response of the PLL controller, the angle error is assumed to be small,
linearizing the system. This leads us to a second order system defined as seen in equation 4.25,
with θˆ(s) being the estimated grid angle and θ(s) the real one [1].
θˆ(s)
θ(s)
=
2ξωns+ ω
2
n
s2 + 2ξωn + ω2n
(4.25)
The PI controller inside the PLL control is defined as follows:
KI =
KP
τPLL
(4.26)
Kf (s) =
KI +KP · s
s
=
Kp
τPLL
+KP · s
s
= Kp ·
1
τPLL
+ s
s
(4.27)
The controller parameters Kp and τPLL can be defined using equations 4.28 and 4.29 below.
In these, ωn is the natural frequency, Em is the admitted peak voltage and ξ is the damping
ratio [1].
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Figure 4.4: iq and id response without the Current Loop Control.
Figure 4.5: iq and id response with the Current Loop Control.
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ωn =
√
KpEm
τPLL
(4.28)
ξ =
√
τPLLKpEm
2
(4.29)
The Park Transformation must be applied to the grid voltage, since the PLL will be working with
qd0 voltages. The PLL consists of the difference between a reference d voltage Vdref and the
measured Vd filtered through a Proportional Integral control (PI). Its output, the grid frequency
ω [rad/sec], is then integrated in order to obtain the grid phase θ [rad] which is later used for
the Park transformation in order to feed Vd back to the system and close the loop.
The Phase Locked Loop requires three inputs; the grid’s phase θgrid, the target d voltage Vdref
and the grid’s voltage represented in the abc frame Vabc. Since the purpose of the PLL in this
thesis is to match the converter’s phase with that of the grid, the target d voltage value will be
considered Vdref = 0.
Initially, the abc tension Vabc undergoes the Park Transformation seen in equation 4.1 taking
into account that θ = θgrid. The only component that interests the PLL is Vd; Vq and V0 are
terminated. Vd is then compared with the target d voltage Vdref .
Afterwards, the signal is processed by the Proportional Integral controller defined in equations
4.26-4.27. From this results the electrical frequency ω.
In order to obtain the phase value θ used for the Park transformation, the electrical frequency
ω passes through an integrator. This phase θ is then fed back into the block corresponding to
the Park transformation.
The implementation of the full block diagram is illustrated in figure 4.6.
Figure 4.6: Block diagram of the Phase Locked Loop.
Thanks to the PLL controller the converter’s frequency ends up being equal to that of the grid
ω [rad/s]. In figure 4.7, the plot of ∆ω = ωconverter − 100pi can be appreciated. It is noted that
once stationary state is reached, ∆ω does not equal 0 as it should; this is because the grid’s
frequency ω is not exactly the 100pi [rad/sec] used for the plot.
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Figure 4.7: Evolution of ∆ω through time as a consequence of the PLL.
4.1.5 Droop control
The droop control method allows for the control of active and reactive power injection to the
grid by a Voltage Source Converter. For compensating the system’s active and reactive power
unbalances, the droop adjusts both frequency and amplitude of the output voltage [25,26].
Conventional droop methods usually need the knowledge of some grid parameters in order to
control active and reactive power flows independently [25].
Standard P − f droop control is accomplished by means of equation 4.30 [27].
Pconv = (fref − fconv)Kconv + Pref (4.30)
Where Pconv is the power injected by the converter, Pref is the real power set point at the
nominal frequency, fref is the nominal frequency, fconv is the converter’s frequency and Kconv
is the relation between the power injected per Hz of frequency deviation.
A schematic representation of the droop control used in this VSC converter model is shown in
figure 4.8.
Figure 4.8: Block diagram of the converter’s droop control.
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4.2 Loads
Modelled as a three-phase passive linear branch, a resistance value Rval [Ω] is calculated as a
function of the three-phase resistive load rated power PRL [MW ] and the three-phase line-to-line
voltage VRMS [kV ] introduced. This is done following equation 4.31.
Rval =
(VRMS)
2
3 · PRL (4.31)
4.3 Generation
PV generation’s implementation during the initial steady state analysis has been allowed because
of the simplicity of the generation model used in MATPOWER [18].
Implementing Photo-voltaic (PV) generation in the dynamic model would have meant working
on both the generation model for the PV generation and a different interface converter model
that would be needed to connect the PV systems and the AC grid.
PV represents a minimal fraction of the studied case’s total power generation and it is imple-
mented in the 66kV part of the grid, which is not studied in the defined case. This is why it
has been completely disregarded, leaving the HVDC connection, CCGT and traditional thermal
power plants as energy sources.
The generation that derives from Combined Cycle Gas Turbine (CCGT) power plants and clas-
sical thermal power plants is modelled as the result of a synchronous machine’s power generation.
In order for it to function as intended, a turbine, an exciter and the frequency droop control
method have been implemented.
4.3.1 Synchronous machine model
A synchronous machine’s rotor generally has a field winding and at least one damper winding.
Because of the rotor being magnetically asymmetrical, a change of variables does not benefit it.
But applying the Park transformation explained in section 4.1.1 does benefit stator variables.
A two-pole, three-phase, wye-connected (Y), salient pole rotor synchronous machine like the one
shown in figure 4.9 is considered. This type of generators are better suited for high speed steam
and gas turbines typically used in thermal power plants.
The modelling here explains uses as a reference a machine functioning as a motor, assuming
positive stator currents into the machine. At the end of this subsection, the changes needed
to adapt the equations to the synchronous machine working as a generator (assuming positive
stator currents out of the machine) are explained.
The stator windings are identical sinusoidally distributed windings. Displaced 120o, they all
have Ns equivalent turns and an rs resistance.The rotor is equipped with four windings; a field
winding fd with Nfd equivalent turns and a rfd resistance and three damper windings kd, kq1
and kq2. All three damper windings have Nkd, Nkq1 and Nkq2 equivalent turns and rkd, rkq1 and
rkq2 resistances. The magnetic axis of the the damper windings kq1 and kq2 is displaced 90
o
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Figure 4.9: Two-pole, three-phase, wye-connected salient-pole synchronous machine.
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ahead of the magnetic axes of the field winding fd and and the first damper winding kd [28].
In figure 4.9, as, bs and cs represent the magnetic axes tied to the stator windings [28].
The magnetic axes tied to the rotor windings, the quadrature axis q-axis and the direct axis
d-axis, represent the magnetic axis of the kq1 and kq2 pair and the fd and kd pair respectively.
Even if the damper windings kd, kq1 and kq2 are shown with the possibility of applying voltage,
they actually are short-circuited windings that represent the paths for induced rotor currents [28].
Stator and rotor voltage equations are as seen in equations 4.32 and 4.33 [28].
[
Vabcs
]
=
[
Rs
] [
Iabcs
]
+
d
dt
[
λabcs
]
(4.32)[
Vqdr
]
=
[
Rr
] [
Iqdr
]
+
d
dt
[
λqdr
]
(4.33)
If each component of the different matrices of equations 4.32 and 4.33 is expressed, equations
4.34 and 4.35 result.
vasvbs
vcs
 =
rs 0 00 rs 0
0 0 rs
iasibs
ics
+ d
dt
λasλbs
λcs
 (4.34)

vkq1
vkq2
vfd
vkd
 =

rr 0 0 0
0 rr 0 0
0 0 rr 0
0 0 0 rr


ikq1
ikq2
ifd
ikd
+ ddt

λkq1
λkq2
λfd
λkd
 (4.35)
Where the flux linkage equations are as seen in equation 4.36 below [28].

λas
λbs
λcs
λkq1
λkq2
λfd
λkd

=
[ [
Ls
] [
Lsr
]
(
[
Lsr
]
)T
[
Lr
] ]

ias
ibs
ics
ikq1
ikq2
ifd
ikd

(4.36)
Where Ls, Lsr and Lr are the different inductance matrices [23].
Electrical torque is ultimately tied to the voltage equations by means of equation 4.37 below.
Γe =
P
2
{
1
2(
[
Iabcs
]
)T δδθr
[
Ls
] [
Iabcs
]
+ (
[
Iabcs
]
)T δδθr
[
L
′
sr
] [
I
′
qdr
]}
(4.37)
In equation 4.38 define the relation between the mechanical torque Γm, the electrical torque Γe
and the rotor’s speed ωr. This in turn relates the turbine’s torque and the machine’s electrical
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torque. Equation 4.38 is written taking generation action from the synchronous machine in to
account. If the motor action reference used during the development of the equations explained
in this section was followed, the signs of the torques Γm and Γe would have to be changed.
Γm − Γe = τ · dωr
dt
(4.38)
Applying the Park transformation explained in section 4.1.1 to the synchronous machine allows
us to eliminate the position-varying inductances in the voltage equations [28]. This is achieved
by setting the speed of the reference frame equal to that of the rotor.
The resulting voltage equations are as follows:
vrqs = rsi
r
qs + ωrλ
r
ds +
d
dt
λrqs (4.39)
vrds = rsi
r
ds − ωrλrqs +
d
dt
λrds (4.40)
v0s = rsi0s +
d
dt
λr0s (4.41)
v
′r
kq1 = r
′
kq1i
′r
kq1 +
d
dt
λ
′r
kq1 (4.42)
v
′r
kq2 = r
′
kq2i
′r
kq2 +
d
dt
λ
′r
kq2 (4.43)
v
′r
fd = r
′
fdi
′r
fd +
d
dt
λ
′r
fd (4.44)
v
′r
kd = r
′
kdi
′r
kd +
d
dt
λ
′r
kd (4.45)
And the expressions for the flux linkages are as seen in equations 4.46-4.52 below.
λrqs = Llsi
r
qs + Lmq(i
r
qs + i
′r
kq1 + i
′r
kq2) (4.46)
λrds = Llsi
r
ds + Lmd(i
r
ds + i
′r
fd + i
′r
kd) (4.47)
λr0s = Llso0s (4.48)
λ
′r
kq1 = L
′
lkq1i
′r
kq1 + Lmq(i
r
qs + i
′r
kq1 + i
′r
kq2) (4.49)
λ
′r
kq2 = L
′
lkq2i
′r
kq2 + Lmq(i
r
qs + i
′r
kq1 + i
′r
kq2) (4.50)
λ
′r
fd = L
′
lfdi
′r
fd + Lmd(i
r
ds + i
′r
fd + i
′r
kd) (4.51)
λ
′r
kd = L
′
lkdi
′r
kd + Lmd(i
r
ds + i
′r
fd + i
′r
kd) (4.52)
These voltage and flux linkage equations suggest the equivalent circuit seen in figure 4.10.
When adapting the equations to generator action, positive stator currents out of the machine
are considered, but the field and damper winding currents are still considered positive into the
machine. In order to apply this, changing the sign of stator currents or its substitute variables.
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Figure 4.10: Equivalent circuits of the three-phase synchronous machine using Park’s
equations to fix the reference frame to the rotor.
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4.3.2 Droop control
Just like in section 4.1.5, the generation also implements droop control. The only difference is
that while the converter’s droop control directly inputs the current value needed to feed the
right amount of active power to the system, the generation’s droop inputs the control valve flow
area to the turbine model. Figure 4.11 shows a schematic of the generation’s droop control.
Figure 4.11: Schematic representation of generator’s droop control’s block diagram.
4.3.3 Turbine model
A graphical representation of the turbine modelled can be seen in figure 4.12. The steam coming
from a boiler enters the cycle through the steam chest, its flow into a high pressure rotor HP
managed via the control valve CV . The fluid is then reheated and directed to an intermediate
pressure rotor IP . An intercept valve IV between the reheater and the intermediate pressure
rotor facilitates the shutdown of the turbine in the case of a turbine trip. The fluid goes through
a crossover that connects both the inlet and the exhaust piping before reaching one last low
pressure rotor LP . All three rotors share a common shaft.
Figure 4.12: Schematic representation of the used turbine.
The turbine model is based on that seen in [23]. Given the control valve flow area CV fed by
the generator’s droop control, it applies a transfer function as defined in figure 4.13.
In it T1 represents the steam chest time constant, T2 represents the reheater’s time constant and
T3 represents the crossover piping’s time constant. K1, K2 and K3 represent the p.u. fractions
of the flow, being the high pressure, the intermediate pressure and the low pressure respectively.
As a result, the mechanical power in Per Unit is obtained.
All turbines used in this thesis have been considered equal, the values of their different constants
listed in table 4.1. These values are based on those specified for a tandem-compound single-
reheat turbine of fossil-fuelled units as sen in Sec. 9.2 of [23].
Ignacio Glenny Crende
36 Modelling and Simulation of an Insular Grid with the presence of HVDC
Figure 4.13: Schematic representation of the turbine model’s block diagram function.
Table 4.1: Values of τ1, τ2, τ3, K1, K2 and K3 for all turbines.
Constant Value
τ1 [s] 0.3
τ2 [s] 7.0
τ3 [s] 0.5
K1 [p.u.] 0.3
K2 [p.u.] 0.3
K3 [p.u.] 0.4
4.3.4 Exciter model
A simplified version of the standard AC4A (Alternator Supplied Rectifier Exciter #4) IEEER©
type exciter model is used [23]. Figure 4.14 represents the simplified exciter’s block diagram.
Figure 4.14: Schematic representation of the exciter’s block diagram.
The regulator’s transfer function GE(s), with a gain Kr and a time constant τr is defined as
seen in equation 4.53 model below. The time constant τr is associated with the regulator and
the firing of thyristors, while Kr represents the overall gain.
GE(s) =
Kr
1 + τrs
(4.53)
The regulator constants of the exciter have been defined as Kr = 200 and τr = 0.04 [23]. If
these are applied to equation 4.53, the following exciter transfer function results:
GE(s) =
200
1 + 0.04s
(4.54)
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4.3.5 Transformer model
An ideal three-phase two-winding transformer is represented by the ideal three-phase two-
winding model. Only the positive leakage reactance is considered, while the losses are neglected.
Figure 4.15 illustrates the model, where SN is the rated power, V1 and V2 are the voltages on
each side and Llr is the positive sequence leakage reactance..
Figure 4.15: Schematic representation of the transformer model.
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Chapter 5
Dynamic Analysis: Case, simulation
and results
In this chapter the case is defined for the dynamic model and the results of the simulation are
given. Even if the basis is the same as the one used for the steady state analysis, a few details
differ and the differences in implementation force slight changes.
5.1 Case
Transmission lines for the dynamic case are defined as the same used for the steady state case.
The details can be seen in 3.1.1. Loads for the dynamic case are also the same used for the
steady state case. The details and values can be seen in section 3.1.2.
Three main blocks are considered when defining the case; the grid, the converter and the gen-
eration. The grid is characterized by a nominal frequency of 50 Hz and a 220 kV peak voltage.
The HVDC connection has a rated power of 400 MW, and the different synchronous generators
at SONREUS4, CASTRES7 and ESMURTERAR9, with a shared inertia constant of 3.84 s and
a common RMS rated voltage of 11.5 kV, each present rated powers of 630, 430 and 530 MW
respectively. Each generator’s droop constant Kgen is equal to 20, representing a 20% of nominal
power per Hz affected; individual values taking this into account have been calculated for each
generator. All related constants and values are listed in table 5.1.
The transformers that connect the synchronous generators and the grid are defined with a three-
phase apparent power rating equal to the rated power SN of the machine they are connected
to and a base operation frequency of 50Hz. The winding on the generator’s side of the trans-
former has a root mean square (RMS) voltage rating of 11.5kV, in concordance with that of the
synchronous machine’s output. The winding on the grid’s side of the transformer has a RMS
voltage rating of 220kV, in concordance with that of the grid. The positive sequence leakage
reactance’s value has been set at 0.1p.u. with the synchronous machine’s RMS voltage as the
rated voltage used for obtaining its reduced value.
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Table 5.1: List of the different variables that define the case, including the variable name,
its symbol used during the development of the model, its value and the corresponding units.
Block Variable Symbol Value Unit
Grid
Nominal frequency fgrid 50 Hz
Peak voltage VNgrid 220 kV
Converter
Rated power PNconv 400 MW
Droop gain Kconv 200 MW/Hz
Power at 50Hz Prefconv 242 MW
Converter’s internal resistance rr 0.1 ohms
Converters internal inductance ll 0.025 H
CLC time constant τ 0.002 s
Natural frequency ωn 100pi rad/s
Damp ratio ξ 0.7 -
Generation
SONREUS4 rated power Pg4 630 MW
CASTRES7 rated power Pg7 430 MW
ESMURTERAR9 rated power Pg9 530 MW
SONREUS4 droop gain K
′
gen4 126 MW/Hz
CASTRES7 droop gain K
′
gen7 86 MW/Hz
ESMURTERAR9 droop gain K
′
gen9 106 MW/Hz
Inertia constant H 3.84 s
RMS Rated voltage Vn 11.5 kV
SONREUS4 Cv at 50Hz Cvref4 0.236 p.u.
CASTRES7 Cv at 50Hz Cvref7 0.157 p.u.
ESMURTERAR9 Cv at 50Hz Cvref9 0.459 p.u.
5.2 Simulation and results
During the simulation, a fault is forced at the five seconds mark once steady state has been
reached. When the fault happens, the synchronous machine functioning as a generator at the
bus ESMURTERAR9 is suddenly disconnected from the grid.
5.2.1 Bus voltage
The different bus voltages measured during the initial steady state of the grid are shown in table
5.2. V refers to the voltages obtained from the PSCAD 4.6 EDU simulation, while Vss refers to
the voltages obtained from the Matlab R©2015b simulation.
When looking at the table 5.2, the main difference that arises between both simulations is the
voltage on generating buses. This is explained by the fact that during the steady state analysis
generating buses are defined as PV, meaning that their voltage magnitude is fix at the rated
value. The bus ESP1, where the High Voltage Direct Current (HVDC) connection is found, is
defined as a PQ bus and as a results its voltage magnitude is not fix to the rated value. This
is not the case for the dynamic simulation, where voltage is not controlled on generating buses
and as a consequence it differs from the rated power.
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Table 5.2: Voltages V and Vss of each bus in p.u..
Bus index V [p.u.] Vss [p.u.]
ESP1 1.0005 1.005
STPON2 1.0000 1.004
VURG3 0.9968 1.001
SONREUS4 0.9955 1.000
LLUBI5 0.9927 0.998
SORLAND6 0.9918 0.998
CASTRES7 0.9913 1.000
BESSONS8 0.9909 0.997
ESMURTERAR9 0.9950 1.000
STMARTI10 0.9950 1.000
Once this is taken into account, the values are relatively similar; the voltage drops that happen
between neighbouring buses remain the same among both simulations, but the values in the
steady state simulation are slightly higher than their counterparts from the dynamic simulation
because the fixed voltage at generating buses forces these values to rise.
5.2.2 Power flows
Figure 5.1 shows a schematic representation of the power flow obtained by the dynamic simula-
tion done with PSCAD.
If figures 3.2 and 5.1 are compared, light differences in active power flow are noticed. There are
three main reasons for these:
1. The PV generation. Since Photo-voltaic generation was not included in the dynamic
analysis, buses with PV generation fall short of a few MW which need to be fed by either
the HVDC connection or the synchronous generators.
2. Droop constants, frequency and power variations. Even if the synchronous generator’s
droop constants were defined in order to supply the same power than the steady-state
analysis, the converter’s was changed in order to rise the working frequency to 50Hz. This
means that in the dynamic analysis the converter is feeding slightly more power than it
does in the steady-state analysis. This alters the power flow results.
3. The load model. The load model is based on a rated resistance value that at the corres-
ponding rated voltage value consumes the specified active power, and this translates into
voltage variations making the power consumption at the different loads vary. Since buses
in steady state analysis are defined as PQ buses with a constant active and reactive power
consumption, these loads remain unaffected by voltage variations.
In conclusion, the active power flow was as expected. The differences between the dynamic and
the steady-state analysis are small and clearly tied to the aforementioned conditions, meaning
that in regards to active power flow the dynamic model behaves as expected.
Ignacio Glenny Crende
42 Modelling and Simulation of an Insular Grid with the presence of HVDC
Figure 5.1: Power flow diagram for the peak demand case before the fault once steady
state has been reached representing the values obtained via the PSCAD simulation.
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By comparing figures 3.2 and 5.1, notable reactive power flow differences can be appreciated.
The difference between each generator’s power factors in each simulation is not negligible.
The main reason for these differences lays upon the type of buses generating buses are defined
as in the steady state simulation and the control systems used for the generation in the dynamic
model.
In the steady state simulation generating buses are defined as PV buses with a fix active power
injection and a fix voltage equal to the rated one (220kV in the studied case). For this to be
implemented in the dynamic simulation, voltage control based on reactive power injection would
have to be implemented.
In the dynamic simulation, voltage is not controlled on generating buses; when this is tied to the
reactive-power based voltage control systems, the reason for the reactive power flow differences
seen between both simulations becomes clear.
The reactive power situation can be explained, arguing that the lack of voltage control makes the
constant power factor slightly difficult. This has been assumed for the steady state simulation
but the dynamic would have needed the aforementioned control, so this might be a reason for
differences.
5.2.3 VSC not supporting the grid frequency
When the converter does not provide frequency support it behaves as a constant power injection
at ESP1. As a result, when the fault occurs its injected power does not vary. This lack of response
to the system’s fault translates into the generators at buses SONREUS4 and CASTRES7 being
in charge of feeding the system with the power that was once fed by the generator at the bus
ESMURTERAR9.
The consequences of the fault in regards to the power supplied by each generator can be appreci-
ated in figure 5.2 below. Pg4, Pg7 and Pg9 represent the power generated at buses SONREUS4,
CASTRES7 and ESMURTERAR9 respectively, while PgC represents the power injected at the
bus ESP1 by the VSC without droop control.
The generators at SONREUS4 and CASTRES7 are in charge of feeding the lost power. After
the fault these are generating, in addition to what they were injecting into the system initially,
141.52 MW and 96.89 MW respectively. The sum of these power injection increases represents
the 238.41 MW that are suddenly lost because of the fault at ESMURTERAR9.
The consequences of the fault in regards to the frequency of the remaining functioning generators
at SONREUS4 and CASTRES7 can be appreciated in figure 5.3 below. In it, f4 and f7 represent
the frequency of the synchronous machines functioning as generators at buses SONREUS4 and
CASTRES7.
Once steady state is reached, the frequencies of the generators at SONREUS4 and CASTRES7
are equal both before and after the fault. Their value varies from 49.9830Hz to 49.4182Hz, which
represents a 0.5648Hz drop.
The initial drop in frequency for the generators at buses SONREUS4 and CASTRES7 reach
the 48.4229Hz and 48.4296Hz marks respectively, representing a 1.5532Hz and 1.5534Hz drop
for each.
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Figure 5.2: Plot of the power supplied by each generator versus time during the fault
without frequency support.
Figure 5.3: Plot of the different frequencies versus time during the fault without frequency
support.
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5.2.4 VSC supporting the grid frequency
When the converter functions with the droop control, the power it injects is related to the grid
frequency it reads from the Phase Locked Loop (PLL). As a result, when the fault occurs its in-
jected power varies, sharing the load with the generators at buses SONREUS4 and CASTRES7.
This response to the system’s fault translates into the generators at buses SONREUS4 and
CASTRES7 not being solely in charge of feeding the system with the power that was once fed
by the generator at the bus ESMURTERAR9, since the Voltage Source Converter can now inject
power if needed.
The consequences of the fault in regards to the power supplied by each generator can be ap-
preciated in figure 5.2 below. In it, Pg4, Pg7 and Pg9 represent the power generated at buses
SONREUS4, CASTRES7 and ESMURTERAR9 respectively, while PgC represents the power
injected at the bus ESP1 by the VSC.
Figure 5.4: Plot of the power supplied by each generator versus time during the fault with
frequency support.
The power injected by the converter undergoes a 77.21 MW increase, while the generators
at SONREUS4 and CASTRES7 are feeding, in addition to what they were injecting into the
system initially, 96.33 MW and 66 MW respectively.
The sum of these power injection increases represents the 239.54 MW that are suddenly lost
because of the fault at ESMURTERAR9.
The consequences of the fault in regards to the frequency of the remaining functioning generators
at SONREUS4 and CASTRES7 can be appreciated in figure 5.5 below. In it, f4 and f7 represent
the frequency of the synchronous machines functioning as generators at buses SONREUS4 and
CASTRES7.
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Figure 5.5: Plot of the different frequencies versus time during the fault with frequency
support.
Once steady state is reached, the frequencies of the generators at SONREUS4 and CASTRES7
are equal both before and after the fault. Their value varies from 49.9871Hz to 49.6022Hz, which
represents a 0.3849Hz drop.
The initial drop in frequency for the generators at buses SONREUS4 and CASTRES7 reach
the 49.2651Hz and 49.2641Hz marks respectively, representing a 0.7220Hz and 0.7230Hz drop
for each.
5.2.5 Analysis of the different reactions to the fault
Once steady state is reached, the frequency drop is larger on the model where the Voltage Source
Converter (VSC) is not supporting the grid’s frequency.
Without the frequency support, the grid’s frequency drops to a minimum value of 48.4229[Hz ]
before reaching its steady state value of 49.4182[Hz ]. This is particularly problematic because
a frequency drop of such magnitude can have negative effects on the grid, making possible the
need for load shedding in order to reduce the system’s stress and bring the frequency back to a
value closer to the rated one.
When the frequency support is introduced, the grid’s frequency initial drop is drastically re-
duced, reaching a minimum value of 49.2641[Hz ] before stabilizing at its steady state value of
49.6022[Hz ].
Figure 5.6 compares the evolution of both frequencies in order to better illustrate the effect the
converter’s frequency support has on the system’s response. In it, fs represents the frequency
of the grid with frequency support from the VSC and fsn represents the frequency of the grid
where the converter is not supporting the grid’s frequency.
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Figure 5.6: Plot of fs and fsn vs time.
When the converter is able to support the grid’s frequency by injecting active power, the gener-
ators in buses SONREUS4 and CASTRES7 are subject to less stress from the grid, since they
do not have to cover the sudden demand on their own. This can be appreciated in table 5.3.
The difference between the active power fed before and after the fault by each bus (SONREUS4,
CASTRES7 and ESP1 ) is illustrated in figures 5.7, 5.8 and 5.9.
Table 5.3: Power share of the fault’s load covered by each generator depending on the
presence or lack of grid frequency support in %.
Bus index f support No f support
ESP1 32.23% 00.00%
SONREUS4 40.21% 59.36%
CASTRES7 27.56% 40.64%
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Figure 5.7: Plot of Pg4s and Pg4sn vs time.
Figure 5.8: Plot of Pg7s and Pg7sn vs time.
Ignacio Glenny Crende
Modelling and Simulation of an Insular Grid with the presence of HVDC 49
Figure 5.9: Plot of PgCs and PgCsn vs time.
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Chapter 6
Conclusions
6.1 Consequences for insular power systems
As it has been explained in 1.1.3, grid frequency stability and general reliability of insular power
systems is an issue heavily influenced by the limitations of isolated systems like islands in regards
to the magnitude of power generation.
If one generator of the system were to cover most of the demand’s power supply, the system
would face grid security issues in front of the possibility of a fault like the one described in
this thesis. This means that generators in isolated power systems like insular grids must have
lower capabilities and share the burden of feeding the grid between them. This is done even
when doing so translates into distribution systems with heavy transmission losses or generators
functioning on suboptimal working points.
This is why the initial steady state analysis of the modelled grid was done using MatLabR© 2015b.
This analysis gave valuable information in regards to the system’s power flow and its losses. It
was possible to check that no part of the system was overburdened, that voltage levels remained
between acceptable limits and that no transmission lines were overloaded.
Such less powerful systems generally present issues with frequency stability, since their inertia is
sometimes not enough to guarantee the quality standards required of the grid, especially during
unexpected transitions and faults. The dynamic analysis of the grid done via PSCAD 4.6 was
performed in order to check the effects of frequency support on grid with such characteristics.
The results show the frequency support’s positive effect on the grid. Frequency support from
HVDC connections and their converter substations helps reduce the negative effects that con-
tingencies like sudden changes in loads or generation faults have on the grid’s frequency.
Another issue that arises from insular systems is their dependence on fossil fuel imports, as
explained on 1.1.2. HVDC connections like the one studied in this thesis help mitigate these
issues while at the same time reducing the environmental impact of energy consumption in
insular systems.
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Appendix A
Appendix
A Environmental impact
A.1 Insular grids and sustainability
Insular electrical power systems present a series of characteristics that distinguish their envir-
onmental impact from standard grids.
This section focuses on both how insular power systems behave in regards to CO2 emissions
(direct impact) and how complications arise when trying to tackle such an issue via the imple-
mentation of renewable energy sources.
Insular electrical grids are isolated power systems. Such systems, characterized by a low inertia,
strongly require the one provided by traditional generators. Even if CO2 emissions are lower
with technologies like CCGT, fossil fuel generation contributes to global warming and climate
change.
In the case of insular electrical power systems, the environmental effects are aggravated by a
series of factors tied to their isolation and economy.
To the emissions caused by fossil fuel burning it is important to also add those caused by the
transport of the different fuels to the island. Fossil fuel generation usually represents most if not
all of the generation of an island, so this is not a negligible source of CO2.
Grid quality should also be factored in when talking about the CO2 emissions of insular systems.
Generally, generating facilities in insular systems are old, relatively outdated when compared to
more modern, efficient facilities.
Transmission losses are also another point to focus on when talking about the lack of efficiency
of insular grids. Most insular systems are islands and these tend to rely heavily on tourism;
this means that placing power plants close to where power is consumed is not an option, so
transmission losses are higher than usual. The Majorcan grid is a clear example of this, with
one of its stations with the highest rated power (Es Murterar, 530MW) is placed in a relatively
far and isolated bus of the grid.
The dependency on fossil fuel imports and its effects on the environment call for a solution
that is extremely common nowadays; the implementation of clean, renewable energy sources in
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the power system. This would be a possible solution for insular grids if not for their security
and stability issues; voltage and frequency deviations are quite problematic due to the insular
systems’ characteristically low inertia.
Renewable energy sources like Photo-voltaic (PV) and wind generation both generate no carbon
emissions once they are functioning, but they are also unreliable and intermittent. This means
that they cannot provide the inertia these fragile grids need; in fact, they may even worsen the
situation of these issues.
A.2 Environmental Impact of HVDC transmissions
Even if it cannot be stated that DC transmission installations are more harmful to the environ-
ment than their AC counterpart, there are some aspects that must be considered when studying
their impact on nature.
One of the main uses of HVDC transmissions are long distance connections through large bodies
of water. This means that these cables need to lay on the seabed, which in turn requires
excavations so that trenches for the cables can be made. This procedures can have a substantial
impact on marine ecosystems.
The path followed by the cable needs to adhere to certain limitations:
1. Avoid or minimize disruption of current activities in the affected areas. Fishing or har-
vesting are two of the main activities that can be affected by these practices.
2. Respecting wildlife. If the optimal route for a cable to be laid on crosses areas where
endangered species are located, alternative paths must be studied and followed. Even
if the effect on marine wildlife must be minimized, recovery of submarine vegetation is
usually not a problem even if it may take a year for it to get back to its original state.
In line with the fuel import dependency case of insular power systems, HVDC cable laying
processes require the use of large ships; these CO2 emissions cannot be neglected.
Also, efficiency is a key aspect of sustainability. Environmentally, the impact of energy generation
is reduced if less power is consumed; this means that if less power is lost in transmission, less
energy needs to be produced and as such CO2 emissions and waste are reduced.
Even if High Voltage Direct Current transmission lines suffer less losses per distance than High
Voltage Alternate Current connections, the efficiency of HVDC connections depends largely on
the converter substations. This is where the concept of break-even distance is introduced; for an
HVDC connection to be more efficient than its alternate current counterpart, the transmission
has to be long enough so that AC losses are higher than those of the converter substations.
B Budget
B.1 Labour costs
Labour costs are divided depending on the type of work performed. Costs vary among them
depending on the type of work and the specialization and information needed to perform such
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task.
The details are as follows:
1. Research. This includes the hours dedicated to the gathering of information concerning
the state of the art, the situation of insular grids and details on various of the models
included. A cost of 12 e/ho has been considered because some previous knowledge is
needed in order to know what type of documentation to look for and the interpretation
needed after reading.
2. Modelling. This includes the hours dedicated to the mathematical modelling and the
implementation of the models in the different software used during the development of
this thesis. A cost of 24 e/h has been considered because of the technical and theoretical
knowledge needed to design and implement the various models.
3. Simulation. This includes the hours dedicated to running the simulations and making sure
that they function as they should during the development of this thesis. A cost of 6 e/h
has been considered because during the time that simulations are running it is possible
to multitask, allowing for Research and Writing to be done while the software runs the
various simulations on the background.
4. Analysis. This includes the hours dedicated to interpreting the results of the simulations
and its consequences in regards to the topic studied during the development of this thesis.
A cost of 28 e/h has been considered because it is the key aspect of the thesis and it is
heavily dependant on the work done previously during the Research and Modelling phases.
5. Writing. This includes the hours dedicated to learning LATEX, writing and revising this
thesis. A cost of 9 e/h because this phase is not as technical as others.
Table A.1: Labour costs
Concept Hourly rate[e/h] Units (h) Cost(e)
Research 12 83 996
Modelling 24 140 3360
Simulation 6 27 162
Analysis 28 12 336
Writing 9 64 576
Subtotal 326 5430
VAT(21%) 1140.3
Total 6570.3
B.2 Developement tools and office material
The cost of the equipment and software used during the development of this thesis is included
here. The cost of IEEE articles or other literature material is not included, as the university
provides free access to those contents.
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Amortization for each item is calculated as follows:
1. Personal computer. An eight years long life expectancy is considered and five months have
been dedicated to the development of this thesis.
2. Matlab R©license. A year-long license is considered, and five months have been dedicated
to the development of this thesis.
3. PSCAD 4.6.2 EDU. A year long license is considered, and five months have been dedicated
to the development of this thesis.
Table A.2: Development costs
Concept Unit cost[e/ut] Units Cost(e) Amortization (e)
Personal computer 439.90 1 439.90 22.90
MatLabR© 2015b (Academic use) 500 1 500 208.30
PSCAD 4.6.2 EDU 400 1 500 166.70
Subtotal 397.90
VAT(21%) 83.60
Total 481.50
B.3 Total cost
Considering the labour costs listed in table A.1 and the development tools and equipment listed
in table A.2, the total cost is as seen in table A.3.
Table A.3: Total cost
Item Cost[e]
Labour 6570.30
Development tools and equipment 481.50
Total (VAT included) 7051.80
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